Previous studies on sequential effects of human grasping behavior were restricted to binary grasp type selection. We asked whether two established motor control strategies, the end-state comfort effect and the hysteresis effect, would hold for sequential motor tasks with continuous solutions. To this end, participants were tested in a sequential (predictable) and a randomized (nonpredictable) perceptual-motor task, which offered a continuous range of posture solutions for each movement trial. Both the end-state comfort effect and the hysteresis effect were reproduced under predictable, continuous conditions, but only the end-state comfort effect was present under nonpredictable conditions. Experimental results further revealed a work range restriction effect, which was reproduced for the dominant and the nondominant hand.
Any reaching movement toward a target located in three-dimensional space requires a series of transformations between sensory and motor coordinate systems. Several of these transformations involve one-to-many mappings, which, in theory, create an infinite number of possible movement kinematics (Jordan & Wolpert, 1999) . Experimental observations of reaching movements have demonstrated that, for a reasonably large class of these movements, a number of kinematical parameters tend to remain invariant, independent of movement direction, movement speed and movement location (Atkeson & Hollerbach, 1985; Flash, 1987; Hogan, 1984) . To create such a reproducible behavior, the central nervous system has to reduce the redundant degrees of freedom that occur from the neural signal to movement kinematics (Bernstein, 1967) .
Optimization theory provides a computational approach to impose constraints onto the movement selection system (Jordan & Wolpert, 1999) . The description of movement kinematics is reduced from time-varying values of joint angles to a single optimality measure that encodes the cost of the movement. One computational model, in which movement selection is based on a cost function for the motor system, as well as on temporal and spatial demands of the task, is the knowledge model by Rosenbaum and colleagues (Rosenbaum, Engelbrecht, Bushe, & Loukopoulos, 1993; Rosenbaum, Loukopoulos, Meulenbroek, Vaughan, & Engelbrecht, 1995) . The model claims that the final posture of a movement is created from a set of stored posture representations. Each posture representation is evaluated for its contribution to task demands and a single, target related posture is created as a weighted sum of all posture representations.
Experimental evidence suggests that the motor system assigns a higher priority to the terminal posture of a movement than to the movement itself and utilizes posture optimization as a criterion for movement selection (Marteniuk & Roy, 1972; Rosenbaum, Halloran, & Cohen, 2006; Rosenbaum, Meulenbroek, & Vaughan, 1999) . For example, a study by Rosenbaum, Marchak et al. (1990) showed that, when reaching for the same horizontal rod, participants use different initial grasps depending on which end they intend to place onto a target disk on the table. By adopting an uncomfortable initial position (i.e., an underhand grasp), participants avoided ending their movements in an awkward terminal posture. This behavior was termed the end-state comfort effect (Rosenbaum, et al., 1990) .
The end-state comfort effect has been reliably reproduced in a series of experiments on humans (Cohen & Rosenbaum, 2004; Rosenbaum, et al., 1990; Short & Cauraugh, 1997; Weigelt, Cohen, & Rosenbaum, 2007; Weigelt, Kunde, & Prinz, 2006) and primates (Weiss, Wark, & Rosenbaum, 2007) . A number of possible explanations for the end-state comfort effect have been postulated, such as the minimization of time in awkward postures (Rosenbaum & Jorgensen, 1992) , the exploitation of potential energy (Rosenbaum & Jorgensen, 1992) or the precision hypothesis (Rosenbaum, vanHeugten, & Caldwell, 1996) . The most plausible explanation for positioning movements (e.g., to place an object against a target) is provided by the precision hypothesis (Short & Cauraugh, 1997) , which states that it is easier to make positioning movements at or near the middle of the range of motion than near the extremes (Rosenbaum, et al., 1996) . A number of experiments support the precision hypothesis as a contributing factor behind the end-state comfort effect (Rosenbaum, et al., 2006; Rossetti, Meckler, & Prablanc, 1994; Short & Cauraugh, 1999) . From a cognitive point of view, it is much simpler to represent and address the terminal posture of a movement than to represent and control the whole movement dynamics, as the distance between the current and the final body posture can be considered the movement itself (Jeannerod, 1996; Rosenbaum, Cohen, Jax, Weiss, & van der Wel, 2007; Schack, 2004) .
Many of the findings mentioned above were concerned with discrete motor acts, that is, tasks in which participants were asked to carry out a single object manipulation per trial. In everyday life, tasks are carried out in the context of ongoing sequences of behavior. So far, only few experiments were conducted on the planning of grasping sequences. The first experiment that dealt with sequential effects in grasping and object manipulation was performed by Rosenbaum and Jorgensen (1992) . Participants were asked to grasp a rod that was horizontally supported by a cradle and to place its left or right end against one of 14 targets. The targets were arranged vertically on the shelves of a bookcase and had to be contacted in either ascending or descending order. The experiment demonstrated that ongoing grasp selection (overhand vs. underhand) was influenced by the type of grasp used in the previous trial: Participants persisted in using an underhand grasp in the descending target condition and an overhand grasp in the ascending target condition. This behavior of the motor system has later been termed motor hysteresis (Kelso, Buchanan, & Murata, 1994) ; a name originating from the field of physics and characterizing any system that exhibits path-dependence of its output signal.
One explanation for such motor hysteresis effects postulates a range of indifference, within which participants are equally content in using either an overhand or an underhand grasp (Rosenbaum & Jorgensen, 1992) . Therefore, a new movement plan can be generated by small adaptations to the former one, causing less cognitive load than the creation of a movement plan from scratch . From a biomechanical point of view, the perseverance of the motor system indicates that, within the range of indifference, the additional cognitive cost of creating or loading an entirely new movement plan exceeds the represented energetic costs of remaining in a suboptimal posture. The motor hysteresis effect was reproduced in a number of experiments (Kelso, et al., 1994; Weigelt, Rosenbaum, Hülshorst, & Schack, 2009) .
A small number of studies focused on the combination of end-state comfort and hysteresis effects (Rosenbaum & Jorgensen, 1992; Short & Cauraugh, 1997; Weigelt, et al., 2009 ). All of them were restricted to the measurement of binary movement features: Participants were forced to decide between an overhand and an underhand grasp when reaching for a rod or opening a drawer. Due to the redundant degrees of freedom of the motor system, however, the terminal posture of a reaching movement in a complex environment usually is derived from a continuum of possible solutions. Thus, the investigation of movements in a continuous task space may have important implications for the further understanding of motor planning.
Hysteresis effects in a continuous task space have already been investigated in a number of studies. Meulenbroek, Rosenbaum, Thomassen and Schomaker (1993) demonstrated a tendency of the motor system to continue using already-recruited limb-segments in a drawing task. Two studies concerned with hand path priming van der Wel, Fleckenstein, Jax, & Rosenbaum, 2007) showed that curvature of hand paths persisted for some trials after an obstacle had to be cleared. While these modifications of the hand path were inevitably accompanied by modifications of posture, none of the mentioned studies analyzed the effects of motor hysteresis in posture space.
The end-state comfort effect has been studied in nonbinary posture space for wrist adduction and abduction. Haggard (1998) employed a discrete measurement of finger positions on an octagonal object to demonstrate that participants changed the orientation of their hand depending on how they planned to move the object. Zhang and Rosenbaum (2008) obtained similar results with an extended experimental setup, using a round object and continuous measurements of hand orientation. The experiment demonstrated that the orientation of the hand varied continuously as a function of the upcoming target position. Both studies were focused on anticipatory effects of subsequent hand postures, but not on sequential effects of previous postures. However, these effects may have important implications for the further understanding of motor planning. We asked the question of whether movement selection criteria like the end-state comfort effect and the motor hysteresis effect would hold for a sequential motor task with continuous solutions. If both effects could be reproduced under these conditions, it would provide convincing support of their general significance for motor planning.
To approach this issue we designed a sequential, perceptual-motor task, which offered a continuous range of posture solutions for each movement trial. Participants were asked to open a column of drawers in a sequential, predictable order, grasping each drawer on a protruding cylindrical knob. The amount of arbitrary hand pro/ supination was measured with an optical motion capture system. Thus, the dependent variable is comparable to the original study by Rosenbaum and Jorgensen (1992) , in which the binary switch between overhand and underhand grasp was mainly due to pro/supination of the hand. We hypothesized that both the end-state comfort and the hysteresis effect would be reproduced under continuous conditions.
Experiment 1 Participants
Twenty-one students (13 female and 8 male, average age 23.4 years, age range 21-30 years) from the University of Bielefeld participated in the experiment. All participants were right handed (by self-report) and had normal mobility of the right hand, arm and upper body. Participants characterized themselves as neurologically healthy and were naïve to the purpose of the study. Before the experiment, each participant provided his or her informed consent and read a detailed set of instructions concerning the required task. The participants did not receive financial compensation for their participation in the study.
Materials
The apparatus used was a tall bookcase (222 cm high, 30 cm wide and 104 cm deep) with 9 wooden shelves. The lowest shelf was 92.5 cm from the floor, the highest shelf 192.5 cm, and the distance between adjacent shelves was 12.5 cm. On each shelf, a cardboard drawer (8 cm high, 22 cm wide and 31 cm deep) was placed, with a number from 1 (lowest) to 9 (highest) inscribed on the right side. Between the topside of each drawer and the bottom side of the next shelf a leeway of 3 cm ensured that the drawers could be opened and closed easily. A stop mechanism allowed for a maximum pullout range of 18 cm and a counterweight on the back of the drawer prevented it from tilting. A wooden knob with a diameter of 7cm and a depth of 4 cm was affixed to the center of each drawer. The center of the lowest knob was at 96.5 cm and the center of the highest knob at 196.5 cm above the floor. A stack of wooden plates (each 1.5 cm high, 30 cm wide and 104 cm deep) was used to standardize body height of the participants (see below).
Procedure
Preparation of the Participants and the Experimental Setup. Each participant was tested separately. Retro reflective markers were attached to three bony landmarks on the wrist and hand via palpation (see Table 1 ). Additional reflective materials (e.g., watches, rings) had to be removed by the participant.
To standardize the body height of the participants, a stack of wooden plates was set in front of the bookcase. The plates were arranged parallel to the bookcase, with their right hand side aligned with the left hand side of the bookcase. The number of plates was adjusted to each participant's height, so that the shoulder height (palpated at the acromion) was aligned with the center of drawer #6 (see Figure 1) .
The participant positioned him/herself on the stack of wooden plates in front of and slightly to the left of the bookcase, at a distance of approximately 90 cm from the front of the drawers. Each participant then stretched his/her right arm straight ahead, with the palm pointing toward the bookcase and the fingers pointing upwards. He/she then moved forward until the heel of the hand touched the front of the drawers (see Figure 1 ). This way, the distance to the bookshelf was normalized to the different arm lengths of the participants.
Task Execution. Each participant had to open and close the drawers in ascending and descending sequences of trials, the order of which was counterbalanced across participants. Participants started each trial from an initial position, with the right arm hanging loosely on the side of the body and the palm of the hand touching the thigh. On a signal from the experimenter, the participant (1) raised the arm to the first drawer, (2) closed the fingers around the knob, (3) opened the drawer to the full extent, (4) closed the drawer and (5) returned the arm to the initial 
Motion Capture
Movement data were recorded using an optical motion capture system (Vicon Motion Systems, Oxford, UK) consisting of 6 MX-3+ CCD cameras with 50 Hz temporal and approximately 0.5 mm of spatial resolution. Three spherical retro reflective markers (diameter 14 mm) were used to measure the position of the anatomical landmarks (see Table 1 ) on the hand and wrist. Cartesian coordinates of the markers were calculated from the camera data via triangulation. No filtering of the raw data was done. Marker trajectories were manually labeled in Vicon Nexus 1.1 and exported to Vicon Bodybuilder for post processing.
Kinematic Model
For the kinematic analysis, the hand was modeled as a single, rigid segment (see Table 1 ). Markers were attached to the radial (RS) and ulnar styloid (US) and to the 3rd metacarpal (MC), on the dorsal side of the capitulum. The wrist joint center (JC) was calculated halfway between RS and US (see Table 1 ). Two direction vectors were calculated, one pointing distally from the joint center to the metacarpal (V1 = MC -JC) and a second one passing through the wrist (V2 = US -RS). The capitulum center (CC) was then defined on a plane normal to V1 × (V2 × V1). It was positioned palmar from MC at a distance of (handthickness + markerdiameter) / 2 in a way that MC -CC and JC -CC formed a right angle. A local hand coordinate system was defined. The origin was set at the wrist joint center (JC). The Y-axis was defined by the wrist joint center and the capitulum center, pointing toward the capitulum (CC -JC). The Z-axis was defined by the cross product of the wrist axis, pointing from radius to ulna, and the Y-axis ((US -RS) × Y). The X-axis was defined as the cross product of the Y-and the Z-axis (Y × Z), to create a right handed coordinate system. Pro/supination angles were calculated as a transformation of the laboratory's coordinate system into the local hand coordinate system. The rotations were conducted in the sequence Z-X-Y around floating axes. The laboratory's coordinate system was defined with the Z-axis pointing upwards and the X-and Y-axis parallel to the floor. That way, the rotational axis for the pro/supination movement was aligned with the Y-axis of the hand and the pro/supination angle was zero when the hand was parallel to the floor in a palm-downward position. Pronation of the hand caused a decrease of the pro/supination angle, supination caused an increase.
Data Analysis
The longitudinal axis of the bookcase was aligned on a ray facing toward the origin of the laboratory's coordinate system (i.e., the artificially defined zero point of the three Cartesian axes, located near the center of the laboratory at ground level). The front of the bookcase was positioned at a distance of approximately 1.7 m from the origin. For the extraction of the pro/supination angle values of the initial grasp the distance between the center of the capitulum (CC) and origin of the laboratory's coordinate system was calculated in the X-Y-direction. To allow for an automatic detection of the distance maxima, a moving average with a width of five frames was applied to the distance graph (see Figure 2 , top panel).
For each drawer, the distance graph started at a low initial value, steeply ascended toward a local maximum and then slowly descended toward a local minimum. The low initial value corresponded to the initial posture of the participant, with the hand positioned next to the thigh. The steep ascend represented the reaching movement toward the drawer, with the local maximum marking the moment when the fingers closed around the knob. The following descend corresponded to the opening of the drawer. The pro/supination angle of the hand was measured at the moment the participant grasped the drawer knob, determined by the position of the first local maximum (see Figure 2) .
For each of the 21 participants, 18 pro/supination angle values of the hand were measured. Of these 18 values, 9 belonged to the ascending sequence of trials and 9 belonged to the descending sequence of trials. The measurement values for all participants were included into the analysis.
Results
To examine the pro/supination of the hand, we conducted a 2 (sequence: ascending vs. descending) × 9 (drawer height: lowest to highest) repeated measures analysis of variance (ANOVA) on the pro/supination angles. Where appropriate, the Greenhouse-Geisser correction was applied to the p-values; degrees of freedom, however, are reported uncorrected. The main effect of the sequence was significant, F(1,20) = 11.825, p < .01. Participants used a more supinated grasp in the ascending sequence of trials than in the descending sequence of trials. The main effect of the drawer height was also significant, F(8,160) = 28.076, p < .001. Participants used a more supinated grasp for the lower drawers and a more pronated grasp for the higher drawers (see Figure 3) . The interaction of sequence and drawer height was not significant. To examine the overall range of pro/supination angles used by the participants for the ascending and the descending sequence of trials, the difference between the maximum angle value (at or near drawer #1) and the minimum angle value (at or near drawer #9) for each participant and movement direction was calculated. Pro/ supination angle ranges for the ascending sequence of trials varied from 13.3° to 162.3°, for the descending sequence of trials from 5.9° to 161.3°. The correlation between the angle ranges of the ascending and the descending sequence of trials was significant (see Figure 4 , R 2 = .68, p < .01), which shows that participants used similar ranges for the ascending and descending sequence of trials.
Discussion
In the first experiment, we introduced a sequential, perceptual-motor task, which offered a continuous range of posture solutions for each movement trial. Participants were asked to open a column of drawers in a sequential order, grasping each drawer on a protruding cylindrical knob. The pro/supination angle of the terminal posture participants adapted at each drawer height was measured with an optical motion capture system.
It was predicted that participants would continuously modify the pro/supination angle for successive drawers to ensure a comfortable terminal posture for each drawer height. The results of the experiment confirmed this hypothesis. Higher drawers were opened with a more pronated grasp, whereas lower drawers were opened with a more supinated grasp. The pronation of the hand increased continuously during the ascending sequence of trials and decreased continuously during the descending sequence of trials. This result indicates that the motor system utilizes end-state comfort as a planning criterion for tasks with continuous solutions. Furthermore, we expected motor hysteresis effects to occur between ascending and descending sequences of trials. From an end-state comfort point of view, participants were, in principle, able to assume an optimal posture for each drawer. Due to the additional cognitive cost that arises when one has to plan an optimal posture from scratch, however, we assumed the actual terminal posture to be created by modifications to the most recent posture, representing a trade-off between cognitive and biomechanical costs. The experimental results confirmed this assumption. Participants used a more supinated grasp for the ascending sequence of trials and a more pronated grasp for the descending sequence of trials, indicating perseverance to previous grasps and thus, motor hysteresis.
Additional data analysis revealed that the fraction of the pro/supination range that was actually used to satisfy the end-state comfort criterion varied considerably (by factor 10) across different participants. This implies that a majority of the participants was not even near the extreme points of the anatomically feasible work range of the wrist joint, a finding that is further supported by the fact that the mean pro/supination value for the bottom drawer was considerably lower than the maximum supination angle that was anatomically feasible (Boone & Azen, 1979) . Both findings indicate that this range restriction effect does not occur due to anatomical constraints. Although the fraction of the work range used varied considerably between different participants, the experimental results revealed a strong correlation of pro/supination ranges between ascending and descending movement sequences. If participants only used a small fraction of the whole work range in the ascending sequence of trials, they did the same for the descending sequence of trials. And similarly, if they used a large work range in the ascending sequence of trials, they also used a large work range in the descending sequence of trials.
Experiment 2
The second experiment was conducted to further investigate the generality of two motor control strategies: The end-state comfort effect for continuous movements and the restriction of the anatomically feasible range of motion that was found in the first experiment. We approached this issue by verifying if both effects would be transferred from the dominant to the nondominant hand and from a sequential order to a random order task, supporting their significance for the motor system. Participants were tested under two counter-balanced conditions: opening the drawers in a pseudo-random order with the dominant hand or the nondominant hand. Each experimental condition was repeated five times.
Based on the results of the first experiment, it was predicted that participants would use different pro/supination angles for different drawer heights, to satisfy the end-state comfort criterion. In addition, we predicted considerably different fractions of the anatomically feasible work range of the wrist to be used between participants, but similar fractions to be used for the dominant and the nondominant hand within one participant. Regarding the effect of repetition, we considered an optimization effect to take place, increasing the used fraction of the feasible range of motion and, by that, the achieved end-state comfort. Based on the hypothesis that the maintenance and modification of a motor plan is an active process and thus, associated with cognitive costs, we expected the hysteresis effect to be absent in the nonpredictable trial sequences of the second experiment.
Participants
Fifteen students (9 female and 6 male, average age 23.6 years, age range 21-26 years) from the University of Bielefeld participated in the experiment. Data from one female participant had to be excluded from the data analysis due to a malfunctioning of the recording device. From the remaining participants, thirteen were right handed and one was left handed (by self-report). All participants had normal mobility of their right and left hands, arms and their upper body. None of the participants had taken part in Experiment 1. All participants characterized themselves as neurologically healthy and were naïve to the purpose of the study. Before the experiment, each participant provided his or her informed consent and read a detailed set of instructions concerning the required task. The participants did not receive financial compensation for their participation in the study.
Materials and Procedure
The same bookcase and drawer setup was used as in Experiment 1. Each participant was tested separately. Retro reflective markers were attached to bony landmarks of both wrists and hands via palpation (see Table 1 ).
To standardize the body height of the participants, a stack of wooden plates was set in front of the bookcase. The plates were arranged in parallel to the bookcase, either with their right hand side aligned with the left hand side of the bookcase (for reaching movements with the right arm) or with their left hand side aligned with the right hand side of the bookcase (for reaching movements with the left arm). The position was adjusted by the experimenter between sequences of trials.
Each participant had to open and close the drawers with the dominant hand and the nondominant hand in five sequences of trials, respectively. The order of hand was counterbalanced across participants. A list of pseudo-random permutations of the drawers, based on the Mersenne twister algorithm (Matsumoto & Nishimura, 1998) , was created before the experiment. Referring to this list, the experimenter announced each drawer to the participant. Movement execution was identical to Experiment 1 and had to be repeated for each drawer. Each sequence of trials was followed by a short pause of approximately 30 s. The entire experiment lasted approximately 30 min.
Motion Capture, Kinematic Model and Data Analysis
The motion capture procedure was similar to Experiment 1. For the analysis of the right hand, the kinematic model of Experiment 1 was reapplied. To render the kinematic model for the left hand comparable, the direction vector through the wrist (V2) was inverted, pointing toward the thumb instead of the little finger (see Table 1 ). All remaining marker and segment definitions stayed the same. That way, when both hands were stretched out in front of the participant in a palm-downward position, the orientations of both hand coordinate systems were identical.
Rotations for both hands were calculated similar to Experiment 1. To render the movements of both hands comparable we inverted the sign of the pro/supination angles for the left hand. Thus, for each hand, pronation resulted in a decrease and supination in an increase of the pro/supination angle.
For the data analysis, the pro/supination angles of the hands were measured at the moment the participant grasped the drawer knob (the same definition of "grasp" was used as in the first experiment). For each of the 14 participants, a total of 90 pro/supination angle values of the hand were measured, corresponding to 9 (number of drawers) × 5 (number of measurements per drawer) × 2 (dominant/ nondominant hand) conditions.
Results
To examine the pro/supination of the hand, we conducted a 2 (hand: dominant vs. nondominant) × 9 (drawer height: lowest to highest) × 5 (repetitions) repeated measures analysis of variance (ANOVA) on the pro/supination angles. Where appropriate, the Greenhouse-Geisser correction was applied to the p-values; degrees of freedom, however, are reported uncorrected. The main effect of drawer height was significant, F(8,104) = 24.284, p < .001, showing that participants used a larger pro/ supination angle, i.e., a more supinated grasp, for the lower drawers (see Figure 5) . The main effect of hand was not significant, F(1,13) = 0.011, p = .65. There was no difference in the pro/supination angle between the dominant and the nondominant hand. The main effect of repetition was also not significant, F(4,52) = 1.178, p = .331, indicating that no adjustment of grasp angles occurred as a function of trial sequence repetition. None of the interactions were significant.
To examine the overall pro/supination angle range used by the participants for the dominant and the nondominant hand, the mean difference between the maximum angle value (at or near drawer #1) and the minimum angle value (at or near drawer #9) for each participant and hand was measured. Mean angle ranges for the dominant hand trials varied from 25.7° to 126.8° and for the nondominant hand trials from 31.4° to 135.7°. The correlation between the angle ranges of the dominant and the nondominant hand was significant (see Figure 6C , R 2 = .67, p < .001). Participants used similar ranges for the dominant and nondominant sequences of trials. To examine the effect of participant size on the angle ranges a correlation analysis between body height and angle range was performed. The correlation for neither the dominant (see Figure 6A , R 2 = .08, p = .34) nor the nondominant (see Figure 6B , R 2 = .07, p = .38) hand was significant. Hence, participant size did not affect the angle range.
To test for potential hysteresis effects within the randomized sequences, grasp angles for each drawer were classified depending on whether the previously grasped drawer (N-1) was above or below. Accordingly, paired t-tests (N-1 above vs. N-1 below) were conducted for each of the drawers #2-8, which accounted for the high intersubject variance in grasp angle: Only the data of those participants were included that had grasped the respective drawer at least once coming from above and once coming from below. For each selected participant, the mean pro/ supination angle of all ascending (N-1 below) and of all descending (N-1 above) trial pairs was calculated. Paired t-tests conducted for each drawer revealed no significant differences in grasping behavior (all p > .05), irrespective of whether the previously grasped drawer (N-1) was above or below. This was similar for the dominant (see Figure 7) and the nondominant hand. 
Discussion
The main focus of the second experiment was to confirm the generality of two motor control strategies: The end-state comfort effect for continuous movements and the work range restriction effect found in the first experiment. It was hypothesized that both effects would be present in a random order task, as well as in the nondominant hand. Participants were tested under two conditions: opening the drawers in a pseudo-random order with the dominant hand or the nondominant hand.
The pattern of results confirmed our hypotheses. Participants used a more pronated grasp for higher drawers and a more supinated grasp for lower drawers. This behavior is in line with the end-state comfort criterion. The effect was similarly present for the dominant hand and the nondominant hand.
The experimental results for the range of motion showed a large variance over all participants, but a significant correlation between the ranges of motion of the dominant and nondominant hand. This confirms the predictions concerning the work range restriction effect. In addition, no correlation between body size, which also serves as a predictor for the arm length of the participants (Jarzem & Gledhill, 1993) , and the range of motion was found. These findings are in opposition to the notion of mechanical constraints of the motor system being the sole cause for the restriction of the feasible work range. Rather, it implies that the restriction of the range of motion found in a majority of participants occurs due to cognitive constraints, which may affect the generation of motor plans and/or the selection of the appropriate motor actions for the sequential task.
We also considered an effect of repetition to occur, as participants could increase the range of motion to increase the amount of end-state comfort over successive sequences of trials. The results, however, revealed no effect of repetition: Participants did not change the used pro/supination angle over successive sequences of trials. A possible explanation for the lack of such an optimization might be that, even with a considerably smaller range of motion than feasible, participants have already reached their individual optimum of end-state comfort and are able to sufficiently plan their actions on the first sequence of trials.
Regarding the hysteresis effect, it was hypothesized that ongoing grasp selection in a nonpredictable sequence of trials would not be influenced by the previous trial. The pattern of results confirmed this hypothesis. Hand pro/supination angle for each trial did not depend on the previous trial. A possible explanation for the absence of the hysteresis effect might be that the maintenance and modification of a motor plan in memory is associated with cognitive costs. Therefore, if the probability that the stored motor plan can actually be reused for the upcoming trial decreases due to the unpredictable sequence of trials, the hysteresis strategy might become inefficient.
General Discussion
In the current study, we investigated whether two established motor planning criteria, the end-state comfort effect and the hysteresis effect, would hold for sequential motor tasks with continuous solutions. To this end, we designed a perceptual-motor task, which offered a continuous range of posture solutions for each movement trial. In two experiments, participants were asked to execute predictable and nonpredictable sequences of trials. Both the end-state comfort effect and the hysteresis effect were reproduced under continuous, predictable conditions in Experiment 1, but only the end-state comfort effect was present under nonpredictable conditions in Experiment 2. Results further revealed a restricted range of motion for the wrist joint, which was reproduced both for the dominant and the nondominant hand.
The end-state comfort criterion (Rosenbaum, et al., 1990) predicts that people plan their movements in a way that ensures a comfortable terminal posture. Endstate comfort has been reliably reproduced in a series of experiments investigating binary features of a movement (e.g., overhand vs. underhand grasp) (Cohen & Rosenbaum, 2004; Short & Cauraugh, 1997; Weigelt, et al., 2007; Weigelt, et al., 2006) . End-state comfort effect in a nonbinary posture space was first shown by Haggard (1998) and later reproduced in a continuous posture space by Zhang and Rosenbaum (2008) . Both studies demonstrated that the adduction and abduction of the wrist varied as a function of the upcoming target. The present study extends the existing results to pro-and supination movements of the hand. Thus, the dependent variable is comparable to the original study by Rosenbaum and Jorgensen (1992) , in which the binary switch between overhand and underhand grasp was mainly due to pro/supination of the wrist. We hypothesized that the end-state comfort effect would be reproduced in a continuous posture space. The results of the first experiment confirmed this hypothesis, as participants continuously adapted their posture to satisfy the end-state comfort criterion. These findings extend the original results to a continuous posture space and are consistent with previous studies on hand orientation. By employing an everyday task such as opening a set of drawers, the current study provides empirical evidence of high ecological validity.
In the second experiment, we compared the pro/supination angles of the terminal posture for the dominant and the nondominant hand. Experimental evidence from early studies suggests differences in movement planning for the left and right hand (Annett, Annett, Hudson, & Turner, 1979) . With regard to bimanual tasks, ambivalent results have been produced so far. Weigelt and colleagues (2006) found no hand specific differences of the terminal posture for discrete, goal directed movements. Participants minimized awkwardness of both hands at the end of the bimanual object manipulation, even when different grips and motor commands were required. Using more complex task conditions, however, Janssen and colleagues (Janssen, Beuting, Meulenbroek, & Steenbergen, 2009; Janssen, Crajé, Weigelt, & Steenbergen, in press) demonstrated differences in the preference of end-state comfort between the two hands. For unimanual tasks, differences between the left and the right hand were demonstrated for movement initiation time (Carson, Chua, Goodman, Byblow, & Elliott, 1995) . Participants that were provided with unspecific information concerning the position of the movement target exhibited a left hand advantage for speed of initiation. Furthermore, Rosenbaum and colleagues (1996) showed that participants exhibited a movement time advantage for the right hand in a forearm rotation task. Hughes and Franz (2008) , on the other hand, found no differences in movement initiation time between both hands, as well as no differences in terminal posture for a unimanual, binary grasp selection task. To our knowledge, no comparison of the left and right hand for the terminal posture in a continuous task space has been done so far. The second experiment did not reveal any differences between the terminal postures of the dominant and the nondominant hand. The present study shows similarities on the fine grained level of pro/supination angles instead of binary grasp probabilities and thus, contributes valuable information to the existing literature on the topic of hand dominance and motor performance.
A second movement planning criterion of the motor system is the motor hysteresis effect (Rosenbaum & Jorgensen, 1992) . The motor hysteresis criterion predicts that, in a sequential motor task, people persist in the type of movement used before. Several experiments corroborate this prediction (Kelso, et al., 1994; Weigelt, et al., 2009 ). Rosenbaum and colleagues (2007) interpreted motor hysteresis as the result of a trade-off between the cognitive cost of creating an entirely new movement plan and the biomechanical cost of remaining in a suboptimal posture. A limitation of previous experiments was the enforcement of binary grasp-types. Because of this limitation, the cognitive cost for this binary switch of the grasp type might have been increased and, as a result, the importance of motor hysteresis as a movement planning criterion might have been overestimated. Hysteresis effects in a continuous task space were analyzed in studies on hand path priming van der Wel, et al., 2007) . Both studies employed the continuous measurement of hand path curvature to demonstrate sequential effects on the end-effector trajectory after clearing an obstacle. Though this modification of the end-effector trajectory was inevitably accompanied by a modification of posture, none of the studies focused on hysteresis effects in posture space. With the drawer opening task used in the current study, hysteresis effects in a continuous posture solution space could be demonstrated without modifications of the end-effector position (same drawer height). Referring to the original interpretation by Rosenbaum and colleagues (2007), we predicted the motor hysteresis effect to be reproduced in continuous posture space, even though no binary switch was required between successive trials. The results of the first experiment confirmed this prediction, as the pattern of pro/supination angles revealed sequence-dependent grasping behavior. The present study extends the previous results on posture hysteresis (Rosenbaum & Jorgensen, 1992; Weigelt, et al., 2009 ) by providing fine grained measurements of pro/supination angle distributions. It thus yields further statistical support of the motor hysteresis effect and highlights the importance of motor hysteresis as a criterion for motor planning.
To compare hysteresis effects between the sequential (predictable) task of the first experiment and the randomized (nonpredictable) task of the second experiment, the data of the randomized experiment were analyzed for effects of the previous trial. Based on the hypothesis that the maintenance and modification of a motor plan is an active process and thus, associated with cognitive costs, we expected the hysteresis effect to be absent in the nonpredictable trial sequences of the second experiment. The pattern of results confirmed this prediction. The grasp angle participants used in each trial did not depend on the grasp angle used in the previous trial. This result is in contrast to a previous study on hand path priming by Jax and Rosenbaum (2007) , demonstrating hysteresis effects for both predictable and nonpredictable sequences of trials. The contrasting result can be explained by the differences of the experimental designs: In the study by Jax and Rosenbaum, maintenance of the original motor plan resulted in a successful (yet less efficient) movement in 100% of the cases. In the current study, maintenance of the original motor plan only resulted in a successful movement in about 25% of all cases. Thus, if the cognitive cost for the maintenance and modification of a motor plan is weighted with the low probability that the motor plan can actually be reused, the hysteresis strategy may become inefficient for the motor system. Therefore, our results are consistent with the previous results Weigelt, et al., 2009 ) as well as with the original interpretation of the hysteresis effect by Rosenbaum and colleagues (2007) . However, a systematic manipulation of the likelihood of using a previous motor plan should be the focus of further studies.
An unanticipated result of the first experiment was the fact that (1) the fraction of the pro/supination range that was actually used varied considerably (by factor 10) across different participants and that (2) the mean pro/supination value encountered for the bottom drawer was considerably lower than the maximum supination angle that was anatomically feasible (Boone & Azen, 1979) . This indicated that a majority of the participants did not use the full extent of their feasible work range to satisfy the end-state comfort criterion. To our knowledge, this individual restriction of the range of motion has not been described in the literature before.
Based on the assumption that this work range restriction effect was due to cognitive constraints and not due to mechanical constraints of the motor system, we predicted the effect to be present when performing with the contra lateral arm, and in a random order task, respectively. This prediction was confirmed by the results of the second experiment. Participants exhibited similar ranges of motion for the dominant and the nondominant hand, while the variance of the ranges of motion was large across participants. Furthermore, no correlation between body size and the range of motion was found, supporting the argument that the range restriction effect is indeed due to cognitive constraints of the motor system and not due to mechanical factors.
The cognitive constraints may result from the implicit inclusion of anticipated posture comfort and energetic costs into the generation of motor plans and/or the selection of motor actions Rosenbaum, et al., 1995) . Individual differences in the anticipation and perception of these motor effects, due to previous movement experience or the range of motion participants use in their everyday life tasks, may then create the high intersubject variance. These differences may even result in an individual movement style, similar to a personality trait, that is influenced by different movement cultures experienced in the family and in the workplace. As an alternative explanation, the intersubject variance may also result from other internal factors such as self-regulation and personality traits 1 . Differentiating between those internal factors, however, was not the goal of the current study.
In sum, our findings confirm the generality of the end-state comfort effect and the motor hysteresis effect as important criteria for the planning of movements within sequential tasks with continuous posture solutions. Results further support the hypothesis of motor hysteresis being a trade-off between cognitive and biomechanical costs of a movement and demonstrate a nonbiomechanical restriction of the range of motion used to satisfy the end-state comfort criterion. Note 1. We thank one reviewer for pointing out to us this alternative explanation of the work range restriction effect.
